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Neural development: Bidirectional signals establish boundaries
Rüdiger Klein
Recent studies have shown that the formation of
boundaries between the segments — rhombomeres —
of the vertebrate hindbrain depends on bidirectional
signalling between neighbouring cells. This signalling is
mediated by Eph receptors and their ligands, which has
been found to restrict cell intermingling in vitro.
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The development of form in the embryo requires
choreographed changes in cell behaviour, including
changes in cell proliferation, cell shape and movement.
The establishment of cellular layers and segments further
demands that, in specific areas, cell movement and com-
munication are restricted, resulting in the generation of
what are commonly known as ‘compartment’ boundaries.
Within a compartment, cells acquire and maintain a spe-
cific identity and, in general, can freely intermingle.
These events are controlled by extrinsic cues from the
cells environment, produced as a result of patterning
processes that occurred in the early embryo. This process
is best understood in the case of segmentation of the
Drosophila embryo, but progress is now being made in
understanding how the boundaries are formed between
the segmental units — known as rhombomeres — of the
vertebrate hindbrain. Recent studies [1,2] have provided
compelling evidence that bidirectional signalling between
adjacent cells mediated by Eph receptors and their ephrin
ligands plays an important part in compartment boundary
formation in the hindbrain, by helping to restrict cell
intermingling and communication.
Ephrins and the skill of ‘reverse’ signalling
Eph receptors belong to the large superfamily of receptor
tyrosine kinases, single membrane-spanning proteins
with an extracellular ligand-binding domain and an intra-
cellular kinase domain. They are subdivided into two
structurally distinct subclasses, which differ in their
ligand-binding specificities. In both cases, the target
ligands are known as ephrins, for Eph receptor interacting
proteins. EphA receptors bind to ephrinA ligands, which
are glycosylphosphatidyl-anchored proteins, whereas
EphB receptors bind to ephrinB ligands, which are
transmembrane proteins with approximately 80 residue
cytoplasmic domains [3]. Little cross-binding between
the two subgroups has been observed, though EphA4 has
been found to bind ephrinB2 and ephrinB3, in addition to
ephrinA ligands.
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Bidirectional and unidirectional signalling by ephrins and Eph
receptors. (a) Where one of two adjacent cells expresses an Eph
receptor (right) and the other a cognate ephrin ligand (left),
bidirectional signalling can occur. Although classified as ‘ligands’ of
Eph receptors, ephrins themselves have a domain structure
indicative of receptor function and their activation is thought to
trigger ‘reverse’ signalling in the ephrin-expressing cell (leftwards
arrow); concomitant activation of the tyrosine kinase domain of the
Eph receptor leads to signalling inside the adjacent cell (rightwards
arrow). (b) Expression of ephrinB2 ligand molecules lacking the
cytoplasmic domain (∆ephrinB2) leads to unidirectional signalling via
Eph receptors in the adjacent cell. (c) Expression of Eph receptor
molecules lacking the cytoplasmic domain (∆EphA4 or ∆EphB2)
leads to unidirectional ‘reverse’ signalling via interacting ephrinB
ligands in adjacent cells. (d) Coexpression of ∆EphB2 and
∆ephrinB2 permits bidirectional signalling.
Eph receptors and their ephrin ligands have been shown
to have important roles in many aspects of embryonic
development, including axon guidance and cell migra-
tion, the formation of segmented structures and the
development of the vasculature [4]. In vitro axon guid-
ance assays have demonstrated that ephrins expressed in
the target tissue guide navigating axons by repulsion, and
that this effect requires signalling by Eph receptors [5].
Genetic data from ‘knockout’ mice, however, suggested
that EphB receptors can still mediate the formation of
certain axon tracts in the absence of a functional kinase
domain [6]. This observation suggested that ephrinB can
transduce a signal in the cells in which it is expressed, an
inference that has received further support from bio-
chemical data (Figure 1) [7].
Cell sorting at segmental boundaries
One of the best studied examples of boundary formation
and segmentation is provided by the vertebrate hindbrain
[8], which during embryogenesis is segmented into seven
or eight rhombomeres. The formation of rhombomere
boundaries can be reproduced when cells from even-num-
bered rhombomeres are juxtaposed with cells from odd-
numbered rhombomeres, presumably because the two
types of cell have different adhesive properties [9]. Eph
receptors and their ligands have been implicated in this
process. The receptors EphA4, EphB2 and EphB3 are
expressed in rhombomeres r3 and r5, whereas ephrinB
ligands are expressed in adjacent even-numbered rhom-
bomeres, at least in frog and mouse [3,10,11]. Interfering
with Eph receptor–ephrin signalling by expression of a
truncated form of EphA4 was found to cause abnormal
boundary formation [10]. 
In the first of their two recent studies [1], Wilkinson and
colleagues investigated whether the Eph receptors
regulate cell identity or cell movement at the interface of
adjacent rhombomeres. By specific mRNA injection, they
generated zebrafish in which ephrinB2 was expressed in a
mosaic fashion throughout the hindbrain, permitting
interaction with EphA4 and EphB receptors on those r3/r5
cells adjacent to cells ectopically expressing ephrinB2
(Figure 2). The result was that, whereas in even-
numbered rhombomeres the ephrinB2-expressing cells
remained randomly distributed, in r3/r5 rhombomeres
they sorted to the boundaries without changing their iden-
tity. Interestingly, similar sorting occurred when a
carboxy-terminally truncated version of ephrinB2 was
expressed indicating that activation of endogenous
cognate Eph receptors on adjacent cells was sufficient for
cell sorting (Figure 2). 
The latter result was remarkable in light of the observa-
tion that artificial, soluble ephrins had to be pre-clustered
into higher order oligomers for efficient activation of Eph
receptors [12]. The results of Xu et al. [1] imply that,
either cell-surface-bound ephrins do not have to be
clustered to activate Eph receptors, or the clustering does
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Figure 2
Cell sorting in zebrafish hindbrain after mosaic expression of a
truncated ephrin ligand. (a) A model of the hindbrain showing
rhombomeres r1–r7. Mosaic expression of ephrinB2 ligands lacking
the cytoplasmic domain (∆ephrin) in two cells (dark green) within r3
that also express Eph receptors (yellow). Initially, at the three-somite
stage, cells co-expressing Eph and ∆ephrin will be randomly
distributed. Ephs on neighboring cells (yellow) will be activated,
resulting in some change of cell–cell interaction with ∆ephrin-
expressing cells (green). ∆ephrin-expressing cells in even-numbered
rhombomeres (light green) are omitted for clarity. (b) At the 10–15
somite stage, cells expressing ∆ephrin (dark green) will have formed a
cluster and sorted to the rhombomere boundary, minimizing their
contacts with Eph-expressing cells (yellow). The rhombomere
boundary which separates Eph- and ephrin-expressing cells (light
green) appears to be a region where communication is somewhat
restricted (here symbolized by a cleft).
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not require the cytoplasmic domain of ephrinB ligands.
Similar results were obtained with ectopic expression of
truncated EphA4 or EphB2 receptors, indicating that
activation of either ephrins or Eph receptors can induce
cell sorting to boundaries. Earlier work had implicated cell
adhesion molecules in cell sorting — cells with similar
adhesive properties were found to preferentially associate.
The new findings of Xu et al. [1] suggest that bidirectional
ephrin–Eph signalling and cell adhesion molecules act in
parallel or synergistically to sort cells and to establish
segment boundaries.
Bidirectional signalling restricts cell intermingling
In the second study [2], Wilkinson and colleagues
addressed more directly the issue of bidirectional
signalling between ephrinB ligands and Eph receptors,
using an in vitro assay of cell intermingling. In this assay,
zebrafish embryos at the one-cell stage were differentially
labeled with lineage tracers and injected with RNA encod-
ing different forms of ephrins and Eph receptors. Animal
caps at the 1000-cell stage were dissected, juxtaposed and
cultured overnight. In the absence of exogenous proteins,
extensive cell intermingling occurred between cells
derived from the two animal caps (Figure 3a). Mellitzer et
al. [2] found that expression of signalling-competent ver-
sions of Eph receptors and their ephrinB ligands restricted
cell intermingling (Figure 3b); but if a truncated version of
either component was used, cell intermingling was not
restricted (Figure 3c). 
These results indicated that bidirectional signalling is
required for the restriction of cell intermingling, and that
unidirectional signalling in either direction is not suffi-
cient. To control for the possibility that truncated ephrins
may not fully activate Eph receptor signalling on adjacent
cells, Mellitzer et al. [2] elegantly reconstructed bidirec-
tional signalling in such a way that, in one direction,
EphA4 was activated by truncated ephrinB2, and in the
other, ephrinB1 was activated by truncated EphB2
(Figure 1). In this situation, cell intermingling was
restricted, indicating that the truncated molecules can
adequately activate their partners.
Unidirectional signalling restricts cell communication
Mellitzer et al. [2] further found that bidirectional signalling
between ephrins and Eph receptors restricted communica-
tion between the two groups of cells via gap junctions —
intercellular channels, formed by assemblies of proteins
known as connexins, which allow the passage of small mole-
cules [13]. Remarkably, the unidirectional activation either
of ephrinB2 by truncated EphB2, or of wild-type EphB2 by
truncated ephrinB2, blocked the formation of gap junctions,
despite cell intermingling (Figure 3c). Mellitzer et al. [2]
reasoned that unidirectional signalling was able to repel one
cell population, but did not prevent the other from invading
the adjacent territory, leading to cell intermingling. Repul-
sion of one population was, however, sufficient to prevent
the formation of gap junctions, possibly because cells were
too mobile to allow stable cell–cell contacts to occur.
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A model of cell intermingling and communication in the fish animal cap
assay used by Mellitzer et al. [2]. (a) Juxtaposition of two animal caps,
labeled with different dyes (here yellow and green) allows cells to
intermingle and to communicate via gap junctions (red cylinders).
(b) Expression of an ephrinB ligand in one animal cap and a
corresponding Eph receptor in the second animal cap results in
bidirectional signalling and restricts cell intermingling and the formation
of gap junctions. (c) Unidirectional signalling by ephrins activated by
truncated Eph receptors does not restrict cell intermingling. However,
the formation of gap junctions is reduced. Similar effects are seen with
Eph receptors activated by truncated ephrins (not shown).
Future research at the edge
The observation that Eph receptors and their ligands have
complementary expression patterns in the embryo initially
suggested that they might act at boundaries between
distinct cell groups in a variety of situations [14]. The
exciting new work [1,2] on ephrin–Eph signalling at hind-
brain boundaries points to a number of major questions for
the future. For example, is bidirectional signalling
required in other regions of the embryo, for example at
the arterial–venous boundary or between somites? Does
bidirectional signalling occur between navigating axonal
growth cones and adjacent cells, or between migrating
neural crest cells and cells of the territory through which
they migrate? How do ephrins and Eph receptors signal to
regulate cell adhesion molecules and connexins, the build-
ing blocks of gap junctions?
Much progress is expected from simple in vitro assays, such
as the zebrafish animal cap assay. In particular, an in vitro
assay for ephrin ligand signalling with a read-out that does
not also depend on Eph signalling would be extremely
useful. The two new studies from the Wilkinson group
[1,2], however, have already demonstrated differences
between the in vitro animal cap assay and more complex in
vivo assays. Whereas unidirectional signalling was sufficient
to sort cells to rhombomere boundaries, it was not sufficient
in the animal cap assay to restrict cell intermingling. It is
likely that cells in hindbrain rhombomeres express more
complex repertoires of cell adhesion molecules than do
cells in animal caps, and that this may be the major differ-
ence between the two systems. In any case, to fully under-
stand ephrin–Eph signalling at compartment boundaries,
more complex genetic systems will have to be investigated.
The elegant experiments by Wilkinson and co-workers [1,2]
have highlighted the importance of ephrin-Eph signalling in
the hindbrain for the establishment of rhombomeres. But
we are still far from understanding the morphogenetic
processes at work in this structure. The situation is further
complicated in the zebrafish hindbrain. Because of a
genome duplication in the teleost lineage, the zebrafish
genome contains two ephrinB2 genes, which are not exclu-
sively expressed in even-numbered rhombomeres, and
another pair of Eph receptors, EphB4a and EphB4b.
EphB4a also shows segmented expression and interacts with
ephrinB2 in controlling hindbrain segmentation (L. Durbin
and J. Cooke, personal communication). Future studies on
hindbrain segmentation will likely have to use a number of
different systems, including frog, chicken, zebrafish and
mouse, to unravel the mechanisms of boundary formation.
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